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Unidad de Biofı´sica (Centro Mixto CSIC-UPV/EHU), and Departamento de Bioquı´mica, Universidad del Paı´s Vasco, Bilbao, SpainABSTRACT A set of different biophysical approaches has been used to explore the phase behavior of palmitoylsphingomyelin
(pSM)/cholesterol (Chol) model membranes in the presence and absence of palmitoylceramide (pCer). Fluorescence spectros-
copy of di-4-ANEPPDHQ-stained pSM/Chol vesicles and atomic force microscopy of supported planar bilayers show gel
Lb/liquid-ordered (Lo) phase coexistence within the range XChol ¼ 0–0.25 at 22C. At the latter compositional point and beyond,
a single Lo pSM/Chol phase is detected. In ternary pSM/Chol/pCermixtures, differential scanning calorimetry ofmultilamellar vesi-
cles and confocal fluorescence microscopy of giant unilamellar vesicles concur in showing immiscibility, but no displacement,
between Lo cholesterol-enriched (pSM/Chol) and gel-like ceramide-enriched (pSM/pCer) phases at high pSM/(Chol þ pCer)
ratios. At higher cholesterol content, pCer is unable to displace cholesterol at any extent, even at XChol < 0.25. It is interesting
that an opposite strong cholesterol-mediated pCer displacement from its tight packing with pSM is clearly detected, completely
abolishing the pCer ability to generate large microdomains and giving rise instead to a single ternary phase. These observations
in model membranes in the absence of the lipids commonly used to form a liquid-disordered phase support the role of cholesterol
as the key determinant in controlling its own displacement from Lo domains by ceramide upon sphingomyelinase activity.INTRODUCTIONCell plasma membranes exhibit lateral heterogeneity, with
the formation of more or less transient micro- and
nanodomains (1,2). It has been proposed that sphingomyelin
(SM)- and cholesterol (Chol)-enriched domains exist in the
liquid-ordered phase (3). Membrane domains are often
studied in pure lipid bilayers of defined composition. The
simple sphingolipid ceramide has the ability to segregate
laterally together with SM (4–6), giving rise to the formation
of gel-like domains even at very low proportions. In partic-
ular, during early steps of the apoptotic machinery, an
increase in ceramide levels up to 10 mol % total membrane
lipids has been reported (7). The strong ability of ceramide
to induce lateral segregation at those levels in model
membranes (4–6,8–14) suggests a relation between domain
generation and apoptosis induction (15). Specifically, it has
been suggested that the possible ceramide-induced domain
generation within SM-containing liquid-ordered domains
(an important locus of SM cleavage by sphingomyelinases)
somehowmodulates the generation of large lipid-based plat-
forms that could serve as a site for protein complex stabiliza-
tion before the activation of apoptotic mechanisms (16,17).
Thus, initially both Chol and ceramide appear to display
a similar behavior when mixed with SM, inducing the segre-
gation of lateral structures that could be associated with
specific physiological properties.
A study by Megha and London described the ability of
ceramide to displace Chol from liquid-ordered structures
(18). This observation could be related to the previous finding
of Chol displacement from plasma membranes upon sphin-Submitted March 17, 2010, and accepted for publication May 17, 2010.
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0006-3495/10/08/1119/10 $2.00gomyelinase activity (19,20), and reinforces the idea of
compositionally distinct domains (either Chol- or ceram-
ide-enriched) displaying similar biological properties. Other
groups have further observed a ceramide-induced Chol
displacement using lipid model systems with coexisting
liquid-ordered and disordered phases (21). Ceramide addi-
tion to these model membranes displaces Chol, giving rise
to a new phase, namely ceramide-enriched gel-like domains
within the Chol-enriched liquid-ordered phase (22–24).
A further exciting observation by Silva and coworkers
(25) described how ceramide-enriched domain generation
was modulated by lipid raft composition. As these authors
pointed out, the presence of high Chol concentrations in
liquid-ordered and liquid-disordered model membranes
abolished the formation of ceramide-enriched domains.
Further studies into this effect led these authors to describe
a similar effect in the presence of sphingomyelinase-gener-
ated ceramide (26), and reinforced the idea of both Chol and
ceramide competing for interaction with SM. However,
Chol has also been shown to restrict ceramide domain
generation even in the absence of SM (27,28). This observa-
tion is of great importance, since it eliminates the possibility
of competition between the two molecules for interaction
with SM and instead leaves an open door for a possible
direct interaction between Chol and ceramide.
The intent of thisworkwas to study 1), lateral segregation in
palmitoylsphingomyelin (pSM)/Chol binarymixtures, and 2),
the effects of palmitoylceramide (pCer) incorporation into
pSM/Chol mixtures, in the absence of a liquid-disordered
phase state. The data reveal the segregation of large Chol-en-
richedmicrodomains in the rangeXChol¼ 0–0.25 in the binary
pSM/Chol mixtures. For the ternary mixtures containing Cer,
an immiscibility is observed between Chol- and Cer-enricheddoi: 10.1016/j.bpj.2010.05.032
1120 Busto et al.phases at high pSM/(Cholþ pCer) ratios. It is interesting that
the calorimetric and confocal microscopy data concur in
showing an inability of pCer to displace Chol at both low
and high Chol concentrations, together with a Chol-mediated
pSM/pCer domain modulation.MATERIALS AND METHODS
Chemicals
pSM, pCer, and Chol were purchased from Avanti Polar Lipids (Alabaster,
AL). The lipophilic fluorescent probes DiIC18 and di-4-ANEPPDHQ were
purchased from Molecular Probes (Eugene, OR). Methyl-b-cyclodextrin
(MebCD) was from Sigma-Aldrich (St. Louis, MO). The buffer solution
was 150 mM NaCl, 1 mM EDTA, and 20 mM PIPES, pH 7.4.Di-4-ANEPPDHQ fluorescence spectroscopy
on large unilamellar vesicles
Multilamellar vesicles (MLVs) were initially prepared as described previ-
ously (24) and hydrated at 60C. The samples were then subjected to
10 freeze-thaw cycles and extruded by passing the sample 10 times through
polycarbonate filters with 0.1 mm pore diameter at 60C to obtain a homo-
geneous suspension of large unilamellar vesicles (LUVs). Simultaneously,
the proper amount of the probe di-4-ANEPPDHQ (2 mM final concentra-
tion) in chloroform:methanol (2:1, v/v) solution was pipetted into separate
tubes and exhaustively desiccated. Finally, 1 ml of a 1 mM LUV suspension
was added to tubes containing dry probe, vortexed, and incubated for
10 min at 60C for probe incorporation into liposomes. The samples
were left to equilibrate for 30 min at room temperature and di-
4-ANEPPDHQ fluorescence emission spectra recorded in an Aminco
Bowman Series 2 spectrofluorimeter (Rochester, NY) (lex ¼ 458 nm, lem
variable and a cut-off filter at 515 nm).
Quantitative spectral unmixing of the emission spectra of unsaturated
mixtures (XChol < 0.25) was performed based on the assumption that the
normalized detected signal (S) for every wavelength (l) is a linear combi-
nation of those corresponding to probe molecules sensing a Chol-free
environment (XChol ¼ 0, spectrum S1:0 (l)) and probe molecules sensing
an environment where every Chol molecule is surrounded by three pSM
molecules (XChol ¼ 0.25, spectrum S3:1 (l)):
SðlÞ ¼ S1:0ðlÞ  XpSM
 þ ½S3:1ðlÞ  Xchol:
The emission spectra S, S1:0, and S3:1 were measured at 230 spectral points.
A Moore-Penrose inverse of the nonsquare spectral matrix Sref was
computed to solve the overdetermined linear system [S ¼ Sref  X] for
the molar fraction column matrix X. In this way, molar fractions of the
reference mixtures were determined in an independent fashion and found
to be within 52% of the values used for preparation of the samples,
confirming the above assumption.Supported planar bilayer preparation
Planar bilayer preparation on mica substrate for atomic force microscopy
measurements was performed using the vesicle adsorption technique.
MLVs were initially prepared as described previously (24), and hydrated
at 60C. SUVs were then obtained after sonication of the MLV suspension
at 60C for 1 h in a FB-15049 bath sonicator (Fisher Scientific,
Waltham, MA). Thereafter, 60 ml SUVs was added to a 1.2-cm2 freshly
cleaved mica substrate previously mounted onto a BioCell coverslip-based
liquid cell for atomic force microscopy (AFM) measurements (JPK Instru-
ments, Berlin, Germany) and hydrated with 120 ml of assay buffer contain-
ing 10 mM CaCl2 at 60
C. Final lipid concentration was 150 mM. VesiclesBiophysical Journal 99(4) 1119–1128were left to adsorb for 30 min at 55C. Non adsorbed vesicles were then
discarded by washing the samples 10 times with assay buffer at 60C in
the absence of CaCl2. Finally, 400 ml buffer solution was added to the
supported planar bilayers (SPBs) at 60C and left to equilibrate at room
temperature for 45 min before AFM measurements were taken.Atomic force microscopy
The measurements were performed on a NanoWizard II AFM (JPK
Instruments) at 22C. MLCT SiN cantilevers (Veeco Instruments, Plainview,
NY) with a spring constant of 0.1 N/m were used in contact mode scanning
(constant vertical deflection) to measure the SPBs. Resolution images
measuring 256  256 pixels were collected at a scanning rate between 1 and
1.5 Hz and line-fitted using the JPK Image Processing software as required.Differential scanning calorimetry
Differential scanning calorimetry (DSC) was performed on MLV suspen-
sions as described previously (6).Confocal microscopy of DiIC18-stained giant
unilamellar vesicles
Giant unilamellar vesicles (GUVs) were prepared using the electroforma-
tion method developed by Angelova and Dimitrov (29). Observation of
vesicles containing sucrose was carried out at room temperature (22 5
1C) using a PRET-GUV 4 Chamber supplied by Industrias Te´cnicas ITC
(Bilbao, Spain). Other details are as described previously (24).Cholesterol extraction from giant
unilamellar vesicles
After formation, 250 ml giant vesicles in sucrose solution were collected
and observed (as mentioned above) under the microscope as a control,
and 250 ml of an equiosmolar MebCD in buffer solution (2.5 mM final
concentration) were added in parallel to the resting vesicles in the chamber.
The samples were heated again at 80C for 1.5 h and left to equilibrate at
room temperature for another 30 min. The vesicles were collected and
observed under the microscope as described above.Epifluorescence monolayer microscopy
Monomolecular layers at the air-buffer interface were studied at 22C using
a mTrough-S (Kibron, Helsinki, Finland) mounted onto an inverted micro-
scope (D-ECLIPSE C1, Nikon, Tokyo, Japan). A special rectangular trough
with a circular glass window was used. Briefly, 10 ml from the different lipid
solutions (1mM total lipid containing 0.4mol%DiIC18) in chloroform/meth-
anol (2:1, v/v) were spread onto the air-buffer interface at a final surface pres-
sure of<0.5 mN/m and left to equilibrate for 10 min for solvent evaporation.
The monolayer was then slowly compressed to the desired surface pressure
and left to equilibrate for 10min at constant pressure. Epifluorescencemicros-
copy was then carried out using a mercury lamp (HBO 103, Osram, Munich,
Germany), a 20LDobjective and aTRITCfilter set. Images (195 195mm)
with exposure times between 500 and 800 ms were captured with a software-
controlled CCD camera (Wasabi, Hamamatsu Photonics, Shizuoka, Japan).RESULTS
Lateral segregation of pSM/Chol binary mixtures
The phase behavior of pSM/Chol binary mixtures was
initially studied by means of fluorescence spectroscopy of
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FIGURE 1 (A) Representative di-4-ANEPPDHQ emission spectra in
pSM (solid line), pSM/Chol (75:25) (dashed line), and pSM/Chol (65:35)
(dotted line) LUVs at 22C. (B and C) Di-4-ANEPPDHQ maximum emis-
sion wavelength shift as a function of experimental (B) and calculated
(C) Chol concentrations in the vesicles.
Sphingomyelin/Cholesterol/Ceramide 1121di-4-ANEPPDHQ-stained LUVs. The recently designed di-
4-ANEPPDHQ (30) is a new member of the styryl dye
family that presents interesting properties for the study of
lipid phases. In particular, it is sensitive to changes in the
static membrane dipole potential, which affects its spectro-
scopic properties. Moreover, di-4-ANEPPDHQ is believed
to possess similar characteristics to Laurdan, showing
phase-dependent dynamic emission spectral shifts attributed
to the reorientation of water molecules present at the lipid
interface (31). Due to this dual potential response, it is sensi-
tive to Chol concentration, since the sterol induces a rear-
rangement of the associated dipoles. Fig. 1 A shows
emission spectra of di-4-ANEPPDHQ-stained pSM vesicles
in the absence and presence of Chol at room temperature.
Pure pSM vesicles in the gel (Lb) phase present an emission
spectrum with a maximum peak at 594 nm. Addition of
Chol induces a progressive blue shift of the peak, with
a maximum shift of 26 nm at XChol ¼ 0.4. The spectral shift
would be related to the generation of liquid-ordered (Lo),
Chol-enriched (pSM/Chol) regions within the vesicles coex-
isting with a pure gel (Lb) pSM phase. A further increase in
Chol concentration results in a smaller Stokes shift. This
dependence follows a linear trend for every mixture up to
XChol ¼ 0.25 (Fig. 1 B), where a single liquid-ordered
(Lo) pSM/Chol phase would be expected. From these data,
a stoichiometry for the Lo phase could be estimated as close
to XChol ¼ 0.25, i.e., with every cholesterol molecule in the
Lo phase surrounded by three pSM molecules. Quantitative
spectral unmixing of the emission spectra of mixtures with
XChol < 0.25 (under the assumption that their spectra would
be a linear combination of probe molecules sensing a choles-
terol-free environment (XChol ¼ 0) and probe molecules
sensing an environment where every cholesterol molecule
is surrounded by three pSM molecules (XChol ¼ 0.25))
allowed the cholesterol molar fractions of the various
mixtures to be independently calculated. The calculated
molar fractions were within 2% of the nominal figures
(Fig. 1 C), further confirming the pSM/Chol 3:1 composi-
tional stoichiometry.
As previously observed by Kuikka and co-workers by
means of diphenylhexatriene steady-state fluorescence
anisotropy in LUVs (32), pSM vesicles presented a slightly
higher anisotropy compared with that of pSM/Chol (70:30)
(XChol¼ 0.3) at temperatures below the pSMmain phase tran-
sition, reflecting a possible higher rigidity of pure pSM vesi-
cles. As characterized by Jin et al., di-4-ANEPPDHQ
emission spectra red-shifts with decreasing lipid chain order
(30). Hence, we could assume that the observed blue shift
of the spectra in the mixture described here is mainly due to
a cholesterol-dependent increase in the dipole potential and
not to a molecular order effect.
We next attempted to directly observe phase separation
at XChol < 0.25, where a mixture of cholesterol-enriched
and -depleted regions could be expected. For this purpose,
SPBs of the different mixtures were prepared to be scannedunder AFM. Fig. 2 shows a representative planar bilayer of
pure pSM. As observed in the height image (Fig. 2 A),
defects in the bilayer (dark areas) allowed us to check the
presence of the SPB and to measure bilayer thickness, which
was ~5.8 nm for pure pSM (Fig. 2, lower). The bilayer
appeared homogeneously flat in every region. On the other
hand, SPBs containing increasing amounts of cholesterol
(XChol< 0.25) showed the concentration-dependent genera-
tion of segregated areas within the bilayer (Fig. 3). This is
clearly observed in the vertical deflection images for the
different mixtures, which show contrast at the domain edges
within the spread bilayer platforms. It is interesting that theBiophysical Journal 99(4) 1119–1128
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FIGURE 2 AFM height (upper left) and vertical deflection (upper right)
images of pure pSM planar bilayers at 22C. (Lower) Cross section (height
profile) of the bilayer in the height image. Dark areas in the height image
represent bilayer-depleted pure-mica regions.
1122 Busto et al.area that increases in a concentration-dependent manner
(the cholesterol-rich pSM/Chol liquid-ordered phase)
is ~0.3 nm higher than the rest of the bilayer (Fig. 3, lower),
which we could relate to pure pSM in a gel (Lb) phase. The
increased height of the Lo over the Lb phase is unexpected,
since the Lo phase has been proposed to have intermediate
properties between the liquid-disordered (La) and gel (Lb)
phases, with the La phase being the lowest in height (see
Discussion).0
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FIGURE 3 (A–C) AFM vertical deflection images of 5 mol % (A),
10 mol % (B), and 15 mol % (C) Chol-containing pSM planar bilayers
showingLb/Lo phase coexistence. Arrows indicate areaswith reduced height
within an Lb phase. (D) Cropped height image from inset inC. (Lower) Cross
section (height profile) of the bilayer in D. All images were taken at 22C.
Biophysical Journal 99(4) 1119–1128We next analyzed SPBs containing XChol > 0.25. As can
be seen in Fig. 4, the bilayer appeared to be homogeneously
flat, with an average thickness of ~6.1 nm (Fig. 4, lower) at
both 30 and/or 40 mol % cholesterol, which could be related
to the presence of a single liquid-ordered pSM/Chol phase
within the bilayer with an increased cholesterol amount
compared to pSM/Chol areas at XChol < 0.25, and with an
increased height compared to pure pSM bilayers (Fig. 2).
Note that in every SPB containing cholesterol, small impu-
rities are observed throughout the sample. These minor
structures are not present in pure pSM planar bilayers, and
could thus be related to some form of cholesterol. Overall,
the data confirm the coexistence of two distinct areas at
XChol < 0.25, which could be related to pSM/Chol in an
Lo phase and pure pSM in an Lb phase, respectively.pSM/Chol/pCer ternary mixtures
Taking advantage of the observed segregation behavior
of pCer (6) and Chol (Figs. 1–4) in simple binary mixtures
with pSM, we next studied the segregation properties of
pSM/Chol/pCer ternary mixtures. Specifically, we analyzed
the effects of pCer when incorporated into pSM/Chol binary
mixtures below and above the observed cholesterol compo-
sitional point, i.e., XChol ¼ 0.25.he
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FIGURE 5 Thermograms of pSM/Chol (9:1)
and pSM/Chol (7:3) MLVs without pCer (A and
B) and in the presence of 10 mol % (C and D),
20 mol % (E and F), and 30 mol % (G and H) pCer.
Sphingomyelin/Cholesterol/Ceramide 1123Initially, DSC was performed on multilamellar vesicles.
Fig. 5 shows representative thermograms for the different
binary and ternary mixtures. Binary pSM/Chol mixtures
containing 10 and 30 mol % Chol (Fig. 5, A and B,
respectively) show calorimetric endotherms similar to
those reported in the literature for pure-palmitoyl- or
egg-SM-containing mixtures (33–35). As those authors
pointed out, at 10 mol % Chol, two components are ob-
served in the endotherm, a sharp peak reflecting the phase
transition of pure pSM and a second broad component
related to the sterol-enriched phase. At XChol ¼ 0.3, above
the Chol compositional point, a single broad component is
observed that is associated with a single pSM/Chol phase.
Addition of increasing pCer amounts to low-Chol-contain-
ing vesicles induces the disappearance of the narrow pSM
gel-fluid phase transition signal and the formation of anasymmetric peak at higher temperatures. The peak
(Fig. 5, C, E, and G) resembles that of the pure pSM/
pCer vesicles (6) and reveals a possible immiscibility
between a gel-like pSM/pCer and a liquid-ordered pSM/
Chol phase at a high pSM/(Chol þ pCer) ratio. In contrast,
addition of pCer to vesicles with XChol > 0.25, i.e., in
a homogeneous liquid-ordered phase, fails to induce forma-
tion of the asymmetric pSM/pCer peak upon heating
(Fig. 5, D, F, and H). It is interesting that a weak but
symmetric endotherm is observed at similar temperatures,
not comparable to that of the pure pSM/pCer (6). This
behavior could be due to either 1), the presence of small
homogeneous pSM/pCer domains dispersed in a predomi-
nantly liquid-ordered pSM/Chol phase, or 2), the genera-
tion of a new phase composed of a pSM/Chol/pCer
ternary mixture. In both cases, under these conditionsBiophysical Journal 99(4) 1119–1128
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FIGURE 7 Confocal microscopy of DiIC18-stained pSM/Chol (9:1) (A)
and pSM/Chol (3:1) (B) GUVs in the presence of 10 mol % (C and D),
20 mol % (E and F), and 30 mol % (G and H) pCer. Dark probe-depleted
areas represent gel-like pSM/pCer domains. Images were taken at room
temperature. Scale bars, 5 mm.
1124 Busto et al.pCer would appear unable to completely displace Chol
from its association with pSM. Fig. 6 shows the endo-
thermic enthalpy associated with the melting of the gel-
like pSM/pCer phase for the previously analyzed binary
pSM/pCer vesicles (6) and for the ternary mixtures with
cholesterol discussed here. As observed, the associated
enthalpy of pSM/Chol (9:1) þ 10 mol % pCer vesicles is
almost identical to that of the pSM/pCer binary mixture
(6) at the same pSM/pCer ratio. The high pSM/(Chol þ
pCer) ratio in these vesicles makes plausible the formation
of immiscible liquid-ordered pSM/Chol and gel-like pSM/
pCer phases and, consequently, the absence of competition
between Chol and pCer at these lipid ratios. Further pCer
addition increases the associated enthalpy, but to a smaller
extent than for pure pSM/pCer vesicles, reflecting the
inability of pCer to completely segregate together with
pSM and some Chol-induced restrictions. At XChol >
0.25, addition of pCer is unable to return the enthalpic
values to their levels in the pure mixture, thus the charac-
teristic asymmetric endotherm for the pSM/pCer mixture,
which reflects the clear effect of cholesterol on the tight
packing of pSM/pCer.
To further analyze the observed cholesterol-induced
restrictions in pSM/pCer domain segregation, a second
approach using confocal microscopy of DiIC18-stained
GUVs was undertaken (Fig. 7). pSM/Chol vesicles show
homogeneous fluorescence (Fig. 7, A and B) due to an equal
partition of DiIC18 within pSM Lb and pSM/Chol Lophases.
As expected from the calorimetric data, addition of an extra
10 mol % pCer to vesicles containing XChol ¼ 0.1 (i.e., low
cholesterol) induces the generation of DiIC18-depleted
areas, which could be related to tightly packed gel-like
pSM/pCer domains (Fig. 7 C). Two-photon excitation fluo-Biophysical Journal 99(4) 1119–1128rescence microscopy of Laurdan-stained GUVs confirmed
an increased order of the DiI-depleted areas compared to
DiI-enriched areas (data not shown). Further pCer addition
promotes the generation of an increased number of probe-
depleted domains (Fig. 7, E and G), as expected from the
observed increase in pSM/pCer-associated enthalpy in the
calorimetric data. It is of interest that pCer addition to
vesicles in a homogeneous Lo phase prevents any probe-
depleted gel-like pCer-enriched domain segregation, even
at high pCer proportions (Fig. 7, D, F, and H), reflecting
the high degree of Chol-mediated restriction on the
condensed pSM/pCer phase formation (6). Cholesterol
extraction from apparently homogeneous (high Chol and
pCer) vesicles by incubation in methyl-b-cyclodextrin
reverses the process, showing the formation of the expected
pSM/pCer large DiIC18-depleted microdomains (Fig. 8, B
and C). These domains resemble those of the pure mixture
in the absence of cholesterol (Fig. 8 A) and confirm the
cholesterol-mediated effect and the presence of the three
lipids within these highly ordered rigid vesicles.
CBA
FIGURE 8 (A) Confocal microscopy of DiIC18-
stained pSM/pCer (7:3) GUVs. (B and C) Confocal
microscopy of DiIC18-stained pSM/Chol (7:3) þ
30 mol % pCer GUVs before (B) and after (C)
Chol extraction with MebCD. Dark probe-depleted
areas represent gel-like pSM/pCer domains.
Images were taken at room temperature. Scale
bars, 5 mm.
Sphingomyelin/Cholesterol/Ceramide 1125A third approach involved direct epifluorescence micros-
copy of monomolecular films (monolayers) extended at the
air-water interface. pSM/Chol binary mixtures showed
cholesterol concentration-independent homogeneous probe
distribution at all surface pressures (not shown), in
agreement with the previously observed lack of preferential
partition of DiIC18 dye between cholesterol-enriched and
-depleted areas in giant vesicles. Fig. 9, A and B, illustrates
monolayer images resulting from addition of 30 mol % pCer
to low- (pSM/Chol 9:1) and high-cholesterol (pSM/Chol
7:3) mixtures at 20 mN/m surface pressure. pCer induces
the formation of lateral micrometer-sized liquid-condensed
pSM/pCer segregated domains in low-cholesterol-contain-
ing monolayers (Fig. 9 A). As in pure pSM/pCer monolayers
at XpCer¼0.1 (6), the domains appear circular in shape and
laterally arranged in a uniform way. As expected, the
presence of high cholesterol concentrations has a drastic
effect on the pSM/pCer domain segregation behavior, and
very small, heterogeneously distributed DiIC18-depleted
domains can be observed (Fig. 9 B), which could be associ-
ated with pSM/pCer regions unable to coalesce into well-
organized structures.
Overall, both the calorimetric and confocal microscopy
on lipid bilayers and the Langmuir balance measurements
on lipid monolayers describe a clear effect of cholesterol
in suppressing pCer-induced domain segregation and
aggregation into large platforms in ternary mixtures with
pSM; this would occur not only at high but at medium-lowA B
FIGURE 9 Epifluorescence microscopy of DiIC18-stained pSM/Chol
(9:1) (A) and (7:3) (B) monolayers in the presence of 30 mol % pCer at
20 mN/m. Dark probe-depleted areas represent liquid-condensed pSM/
pCer domains. Images were taken at room temperature. Scale bars, 20 mm.cholesterol concentrations. Therefore, poor pCer-induced
cholesterol displacement and, in contrast, strong choles-
terol-induced pCer displacement from its tight packing
with pSM could be proposed in these ternary lipid mixtures.DISCUSSION
Lateral organization of pSM/Chol binary mixtures
The above data show the lateral segregation of pSM/Chol
domains in binary mixtures. This phenomenon had not
been directly observed in vesicles previously, probably for
two related reasons: 1), the lack of a fluorescent probe
capable of distinguishing between SM Lb and SM/Chol Lo
phases, and 2), a possible similar rigidity or molecular order
of both phases. To date, only studies based on lipid mono-
layers (36) showed the generation of laterally segregated
domains in binary mixtures containing NBD-labeled
cholesterol and phosphatidylcholines. The data presented
here clearly show the ability of cholesterol to laterally segre-
gate into large Lo cholesterol-enriched (pSM/Chol) micron-
sized domains in supported lipid bilayers at XChol < 0.25,
coexisting under those conditions with a pure pSM phase.
At XChol ¼ 0.25, a single Lo phase is expected based on
the fluorescence spectroscopy data on LUVs (Fig. 1 A).
Above that concentration, no further segregation under
AFM measurements on planar bilayers is detected
(Fig. 4). The observed Chol compositional point at 25 mol
% largely coincides with previous studies based on DSC
(33–35). These authors concur in showing that increasing
cholesterol content in both pSM- and eSM-based vesicles
induces disappearance of the SM main phase transition at
~25 mol % Chol. At this point, only a broad endotherm asso-
ciated with a sterol-enriched phase is observed, which
further disappears at 50 mol % Chol. The data taken in their
entirety could thus support a possible stable 3:1 pSM/Chol
stoichiometry for domains existing in more complex lipid
mixtures displaying sphingomyelin- and cholesterol-based
structures at room temperature.
The AFM observation of increased thickness in the
cholesterol-enriched areas requires some comment. Choles-
terol presents a preferential interaction with sphingomyelin,
but to some extent, it is said to increase the fluidity of pure
SM in the Lb phase (37). Thus, a lower bilayer thickness
could be expected in Fig. 3 for the pSM/Chol domains, inBiophysical Journal 99(4) 1119–1128
1126 Busto et al.contrast to our observations. Our data could be explained by
a tilting of the SM hydrophobic hydrocarbon chains with
respect to the plane of the membrane in pure pSM areas,
which could lead to a height reduction. Cholesterol would
prevent such tilting and thus induce a reorientation of
pSM molecules within liquid-ordered areas, resulting in
bilayer patches with increased thickness. It should be
mentioned that the planar bilayer does not cover the whole
mica support; instead, large individual platforms resulting
from the aggregation of neighboring spread small vesicles
are being scanned. Then, at the borders of bilayer platforms,
hydrophobic tails would be exposed to the aqueous
environment, and this could cause the bilayer to decrease
in thickness to diminish the hydrophobic stress at the bilayer
platform borders. However, the observation that at XChol ¼
0.15 (Fig. 3 C) the Lo phase represents the main area within
the spread platforms, including cholesterol-depleted areas
far away from platform borders with the same bilayer thick-
ness as those at the borders, would eliminate this possibility
and support a tilting of the pure pSM-enriched phase inde-
pendent of the possible hydrophobic stress at planar bilayer
edges under our conditions.pSM/pCer versus pSM/Chol mixtures
As demonstrated in our previous work (6) and in this study,
both cholesterol and pCer show a clear tendency to laterally
segregate with pSM into large micron-sized areas. However,
there are two important differences. First, pSM/pCer gives
rise to gel phases, whereas pSM/Chol engenders Lo phases.
Second, different proportions are required for Chol and pCer
to induce the generation of homogeneous liquid-ordered and
gel-like phases, respectively. As demonstrated in Fig. 1, in
pSM/Chol binary mixtures, 25 mol % cholesterol is required
for the pure pSM Lb phase to disappear. In contrast, as
observed from calorimetric data in Busto et al. (6), in the
pSM/pCer mixture a small contribution from the pure
pSM phase is still present, even at XpCer ¼ 0.3. This is
further confirmed by monolayer studies, in which stable
films at XpCer at ~0.3 and 0.4 are observed. Consequently,
stable compositional ratios of 3:1 and 2:1 could be inferred
for the Lo (pSM/Chol) and Lb (pSM/pCer) phases, respec-
tively, at room temperature. Thus, a higher amount of
pCer, as compared to Chol, would be expected for the
different segregated binary mixtures, i.e., pSM would
exhibit a higher preference for pCer. The data would be rele-
vant with respect to the possible segregation behavior of
similar domains in more complex lipid mixtures, or even
in cell membranes.Ternary pSM/Chol/pCer mixtures:
who displaces whom?
In the context of this study, ceramide displacement by
cholesterol, or vice versa, means that one lipid preventsBiophysical Journal 99(4) 1119–1128the preferential partitioning of the other with SM, but it
does not imply that the displaced lipid is excluded from
the resulting phase, into, e.g., separate Cer-enriched
domains. Indeed, as shown in the thermograms in Fig. 5,
B, D, F, and H, the fact that Chol hinders the tight packing
of SM/Cer domains does not mean that Cer is excluded from
the system, in which case a narrow peak of Cer-rich domains
would be seen at ~70–90C. Instead, the DSC data suggest
the presence of a phase formed by all three lipids.
Ceramide-induced Chol displacement from tightly
packed SM/Chol mixtures (18,21–24) could be understood
as the result of two different effects: 1), preferential interac-
tion of pCer with sphingomyelin, as previously concluded;
and 2), a greater capability of cholesterol to be accommo-
dated within a liquid-disordered environment. In contrast,
ceramide would not allow such a displacement because of
its high hydrophobicity, and it would remain in close asso-
ciation with sphingomyelin.
The lack of cholesterol displacement by pCer in the
absence of a liquid-disordered phase and, in contrast, the
high pCer displacement by cholesterol reported in this
work would be in good agreement with such a behavior
and would describe the ability of cholesterol, more than of
liquid-ordered domains themselves, to control ceramide-
mediated domain formation. This conclusion would be
consistent with previous work in which a similar choles-
terol-induced ceramide-enriched domain solubilization is
observed even in the absence of sphingomyelin (27,28).
If the previous assumptions are true, in more complex lipid
mixtures that exhibit coexistence of liquid-disordered and
liquid-ordered phases, upon ceramide generation within
liquid-ordered phases, cholesterol would be displaced to
the liquid-disordered phase due to its higher solubility in
these phases (38). Cholesterol saturation in the fluid phase
would reverse the process and restrict ceramide-induced
domain generation due to a subsequent increase in choles-
terol content in the ceramide-rich phase, which could finally
induce ceramide-rich domain solubilization, as proposed by
Silva and co-workers (25).
With the observed behavior of both Chol and pCer in the
ternary pSM/Chol/pCer mixture, the way pCer-enriched
domains would disappear could be discussed in terms of
two different effects: 1), pCer-enriched large domain disrup-
tion into smaller disperse nanodomains surrounded by
a Chol-enriched Lo phase; and 2), the formation of a new
phase with intermediate properties between liquid-ordered
and gel-like phases composed of a ternary pSM/Chol/pCer
mixture. As seen in Fig. 5, B, D, F, and H, pCer addition
to pSM/Chol (70:30) mixtures induces a pCer concentra-
tion-dependent broad endotherm at temperature ranges
close to those associated with pSM/pCer domains in the
binary mixture (6). The associated enthalpy for these endo-
therms in the ternary mixture remains roughly constant with
pCer concentration (Fig. 6, dotted line); however, a clear
increase in heat capacity at constant pressure (Cp) and
Sphingomyelin/Cholesterol/Ceramide 1127a decrease in DT1/2, i.e., an increased cooperativity, can be
observed. Furthermore, a slight increase in Tm from 53
C
to 58C is observed. It is interesting that the broad endo-
therm remains symmetric irrespective of pCer content. On
the contrary, as observed in Fig. 5, C, E, and G, for the
pSM/Chol (9:1) þ pCer mixture and in other related studies
(5,6,8–10,12–14), ceramide induces the generation of asym-
metric endotherms in DSC studies, and this is usually
accompanied by the observation of large micron-sized
domains in GUVs. The lack of domain generation in
DiIC18-containing pSM/Chol (7:3) þ pCer GUVs and the
symmetric pCer-dependent endotherm observed in this
study could thus support the presence of very small pCer-en-
riched nanodomains in the high-Chol-containing ternary
mixture. These nanodomains would thus be greatly influ-
enced by Chol content and would be undetectable by
confocal microscopy owing to the technique’s resolution
limit of ~200 nm. Although the presence of a pure ternary
mixture, or even that of Chol/pCer domains (39), could
not be completely ruled out under the conditions described
here, the calorimetric and confocal microscopy data would
likely reflect the generation of small gel-like pSM/pCer
nanodomains over a liquid-ordered pSM/Chol phase.
Note, however, that confocal microscopy observations are
performed at 22C, whereas in DSC measurements,
a 10–90C temperature range is scanned, which means
that the confocal (and AFM) observations represent only
a single point in the temperature interval scanned by DSC.
A final observation on the cholesterol-induced restric-
tions in pSM/pCer domains can be obtained frommonolayer
data. As seen in Fig. 9 A for the monolayer mixture contain-
ing pSM/Chol (9:1) þ 30 mol % pCer (final pSM/pCer ratio
of 3:1 within the ternary mixture), distinct, well-organized
pSM/pCer DiIC18-depleted domains are observed at
20 mN/m surface pressure. It is nteresting that monolayers
of binary pSM/pCer mixtures at the same lipid ratio (6)
show clear percolation of the pCer-enriched phase, even at
the lower surface pressure of 10 mN/m. If pCer displaced
cholesterol to any extent, a stronger percolation of the
pCer-enriched gel-like phase would be expected for the
ternary mixture in Fig. 9 A.
In conclusion, this study on the pSM/pCer/Chol ternary
mixture shows a lack of pCer-mediated cholesterol displace-
ment from liquid-ordered domains. On the contrary, a strong
cholesterol-mediated influence on the generation and distri-
bution of pSM/pCer domains is observed even at XChol <
0.25, cholesterol concentrations at which Silva and co-
workers (25) observed no apparent influence on the ceram-
ide-enriched domains in more complex mixtures containing
lipids in a liquid-disordered state. The assembled data
become significant for our understanding of cholesterol
and ceramide behavior in membranes. Our results describe
the situation in which displacement of Cer or Chol into
a disordered domain is not possible. Under conditions where
Ld phases are saturated with Chol, Cer should not be able todisplace Chol from ordered domains. In fact, this might be
the physiological situation in plasma membranes, which
contain high levels of Chol, and in which Chol displacement
from ordered to disordered domains would be impossible.
Domains enriched in the ternary mixture SM/Chol/Cer
would form instead. On the basis of these studies, it could
be proposed that it would be the Chol/Cer mol ratio, rather
than the absolute concentration of any of these two lipids,
that would regulate the activation or inhibition of apoptotic
mechanisms in cell membranes.
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